thermally induced excitations. A high MAE requires large spin and orbital magnetic moments per atom and a strong spin-orbit coupling (SOC). 3d transition metal atoms carry large magnetic moments, but SOC is weak. SOC is strongest among the heavy 5d elements which are non-magnetic in the bulk. However, these elements may become magnetic in nanostructures like small clusters. Therefore, bimetallic nanostructures consisting of ferromagnetic 3d-and heavy 5d-elements could eventually provide a feasible route towards materials with tailored magnetic properties.
Enhanced orbital moments and magnetic anisotropy energies have been reported in experimental and theoretical studies of Fe(Co)-Pt multilayers and nanoparticles [1] [2] [3] [4] [5] [6] [7] [8] . The investigations have concentrated on nanoparticles with diameters of a few nm and consisting of several hundreds of atoms. It is generally agreed that the magnetic properties depend on a competition between structure, chemical ordering, morphology, twinning and segregation. Theoretical studies have emphasized the importance of the hybridization between the 3d and 5d orbitals and of ligand effects for the formation of large orbital moments and a high MAE [9] [10] [11] . Chepulskii and Butler [7] have calculated the MAE for FePt nanoslabs and nanocrystals with a chemical ordering corresponding to L1 0 -type alloys. For clusters with 20 or more atoms an MAE comparable to that of bulk L1 0 FePt alloys (∼1.3-1.4 meV/ atom [12] , extrapolated to T = 0 K as described in [13] ) or even smaller was reported. For octahedral Fe 3 Pt 3 and tetrahedral Fe 2 Pt 2 clusters very large MAE's of about 10 meV/atom have been found. However, these results refer to idealized cluster geometries and fixed bulk-like interatomic distances. The effect of the interaction between 3d and 5d atoms on the magnetic properties has also been investigated by Sahoo et al [14] using the example of Pt-capped Fe clusters. It was shown that the capping by Pt leads to an enhancement of the orbital magnetic moment and a reduction of the spin moment of the cluster. The MAE was calculated only for a Fe 13 Pt 4 cluster and found to be enhanced by a factor of ten to 7 meV/cluster compared to the value in the absence of the capping atoms. It was also emphasized that the breaking of the icosahedral symmetry due to the presence of the capping atoms is instrumental in promoting an enhanced MAE.
Very recently calculations by Xiao et al [15] have suggested that in free bimetallic dimers containing 3d Co and 5d Ir atoms the MAE can be as large as 0.15 eV/dimer. Moreover, the adsorption of the dimer in an upright position in the center of a hexagonal carbon-based substrate, e.g. on a benzene molecule or a graphene monolayer, with the Co atom binding to the support and the Ir atom pointing away from the carbon ring, results in a theoretical MAE of about 0.2 eV/dimer, even exceeding the value calculated for the gas phase dimer.
In our recently published articles [16] [17] [18] [19] we have theoretically studied the magneto-structural properties of small Pt clusters in the gas phase [16] , supported on a free-standing graphene sheet [17] and on a graphene layer deposited on a Ni(1 1 1) substrate [18, 19] . For free Pt n clusters SOC stabilizes large orbital moments (which may be of the same order of magnitude as the spin moments) and a large MAE of several meV/atom, comparable to the energy difference between different magnetic isomers. For the smallest clusters up to the pentamer SOC also stabilizes planar structures over threedimensional geometries [16] .
The weak binding of the clusters to a free-standing graphene layer via only one or two Pt atoms preserves the equilibrium structure of the gas phase clusters, but their magnetic structure is much more inhomogeneous than in the gas phase, with a non-collinear orientation of the magnetic moments and a reduced anisotropy energy [17] . The magnetic moments on the Pt atoms binding to the support are strongly quenched, leading to a reduction in the cluster moments to about half their size in the gas phase and an MAE reduced to roughly one third.
An even more complex picture emerges for clusters deposited on a graphene-covered Ni substrate [18, 19] . The adsorbed cluster induces a locally enhanced interaction between the graphene layer and the Ni substrate, leading also to a stronger binding between the cluster and graphene. This results in a strong buckling of the graphene layer and of the top layers of the substrate, a stabilization of flat, two-dimensional structures of the clusters and substantial further quenching of their spin and orbital moments. Isolated Pt atoms and Pt 2 dimers on graphene/Ni(1 1 1) are nonmagnetic, supported trimers and tetramers are still weakly magnetic but the magnetic anisotropy of the cluster/support complex is dominated by that of the graphene-covered Ni(1 1 1) surface [19] .
In the present work we have investigated the magnetic properties of heteronuclear Pt-Co, Pt-Fe and Ir-Co dimers (included to permit a comparison with the work of Xiao et al [15] and a systematic analysis of trends), both in the gas phase and adsorbed on a graphene monolayer. Recently Johll et al [20, 21] have reported density-functional calculations of atoms and small clusters of the magnetic 3d metals Fe, Co and Ni on graphene. It was shown that the binding to the substrate is relatively weak, such that relatively large magnetic moments are preserved. The moments on the atoms binding to the graphene layer are reduced, but large moments comparable to those in the gas phase are found on the atoms on top of an upright dimer. Thus, the total moment of the supported dimer is even larger than that calculated for the free dimer. However, the calculations were performed only in a scalar-relativistic mode so that orbital moments and magnetic anisotropy were not calculated. Nonetheless, the result that large spin moments exist in graphene-supported 3d clusters is encouraging. Here we have investigated the possibility that the combination of a large spin moment contributed by the 3d atoms with a large orbital moment and strong SOC of the 5d atom leads to an enhanced magnetic anisotropy of free and graphene-supported mixed Pt-Fe and Pt-Co dimers.
Computational method

Density-functional theory verses quantum-chemical methods
The properties of the smallest transition-metal clusters can be calculated either using high-level quantum-chemical methods or using density-functional theory (DFT). For quantum-chemical methods a high-level description of electronic correlation is required, and their advantage is that the multiplet character of ground and excited states can be resolved. Within DFT the variables determining the effective potential (charge and spin densities) are calculated as averages over occupied orbitals. The lack of orbital dependence of the potential prevents a determination of the multiplet structure, but the big advantage is the much lower computational workload, which alone permits an application to clusters supported on extended substrates. Even for the problematic case of the Fe 2 dimer the results for integral properties (magnetic moment, bond length, etc) achieved using both techniques are comparable. Calculations performed using various variants of multi-reference configuration-interaction (MR-CI) methods [22] [23] [24] [25] [26] [27] found spin multiplicity 7 or 9 for the ground state (GS). Coupled-cluster [CCSD(T)] calculations [28] reported the nonet state to be lower in energy. The discrepancies have been discussed in detail by Angeli and Cimiraglia [27] who argued that the difficulty in uniquely determining the GS is related to a discontinuity in the total energy of the septet state as a function of bond length and could be resolved only by using a much larger active space, which is not possible at the moment. Quantum Monte Carlo calculations by Casula et al [29] also reported both spin states to be very close in energy and presented arguments in favor of a septet GS. Densityfunctional calculations predict a GS with spin multiplicity 7 if a semilocal exchange-correlation functional is used, and spin multiplicity 9 if a hybrid-functional mixing DFT and HartreeFock exchange is used [24, 31, 32] . DFT calculations combined with a Hubbard U correction [28] found the nonet state to be energetically favored. DFT calculations including an orbital polarization correction [30] predict a septet state. The bond length calculated using the MR-CI variants is 2.19 Å for the nonet state, 2.06 Å for the septet state, 1.98-2.03 Å using DFT with semilocal functionals, 1.96 Å if orbital polarization is included and 2.14 Å with hybrid-DFT, to be compared with an experimental bond length [33] of 2.02 ± 0.02 Å.
For the calculation of the orbital moments and of the MAE an accurate treatment of relativistic effects, including SOC, is required. For Pt 2 first-order CI calculations using relativistic core potentials and a partial inclusion of SOC have been performed by Balasubramanian [34] . Lee et al [35] have presented first-order CI calculations including SOC in two-component relativistic spinor calculations and corrections for dynamical correlations using restricted coupled-cluster methods, and Varga et al [36] have performed four-component relativistic density-functional calculations with a generalized-gradient approximation (GGA) functional to be compared with the present work. All calculations agree on a triplet GS, with bond lengths of 2.32, 2.38 and 2.39 Å found in the three quantumchemical calculations and 2.38 Å in the present DFT work, in reasonable agreement with the experimental value [37] of 2.33 Å. Again we find good agreement between quantum chemistry and DFT, as well as between the two-and fourcomponent relativistic calculations and the implementation of SOC described below.
The foregoing brief comparison shows that for difficult cases such as Fe 2 the relative merits of different variants of quantum-chemical and DFT calculations is still open to debate. The combination of higher level treatments of electronic correlation with relativistic calculations accounting for SOC appears to be difficult and feasible (if at all) only for fixed geometries. Approximate treatments of correlation such as DFT+U depend on semi-empirical values of U whose transferability between different systems is questionable. Given the need to perform an accurate structural optimization of the dimer/substrate complex and our wish to analyze trends in different combinations of 3d and 5d atoms, we decided to use DFT with a semilocal GGA functional. However, one must be aware that DFT probably delivers only a lower limit of the MAE.
Details of density-functional calculations
Our investigations are based on spin-polarized DFT as implemented in the Vienna Ab-initio Simulation Package VASP [38, 39] . The electron-ion interactions were described using the projector-augmented wave (PAW) method [39, 40] . The basis set contained plane waves with a maximum kinetic energy of 500 eV. For electronic exchange and correlation effects we chose the functional of Perdew, Burke, and Ernzerhof (PBE) [41] in the GGA and the spin-interpolation proposed by Vosko et al [42] .
SOC has been implemented in VASP by Kresse and Lebacq [43] following the approach of Kleinman and Bylander [44] and MacDonald et al [45] . Calculations including SOC have been performed in the non-collinear mode as implemented in VASP by Hobbs et al [46] .
The calculations have been started in a scalar-relativistic mode, performing a full structural optimization of the free cluster or cluster/substrate complex using a quasi-Newton method until the forces on all atoms were less than 25 meV/Å. Simultaneously, the electronic and magnetic degrees of freedom were relaxed until the change in total energy between successive iteration steps was smaller than 10 −7 eV. In the second step a self-consistent relativistic calculation including SOC was started from the relaxed configuration of the scalarrelativistic mode, allowing again for the simultaneous optimization of all geometric, electronic and magnetic degrees of freedom. Magnetic anisotropy energies have been calculated as total energy differences from self-consistent calculations for different orientations of the magnetic moments. Spin and orbital magnetic moments of the clusters have been calculated as the difference in the number of electrons in occupied majority-and minority-spin states. Local spin and orbital moments were calculated by projecting the plane-wave components of the eigenstates onto spherical waves in atom-centered atomic spheres.
The atomization energy of a free AB dimer (A = Pt,Ir, B = Co, Fe) is calculated as the total energy of the isolated atoms minus the energy of the dimer,
The adsorption energy (equal to the negative atomization energy) for an AB dimer on graphene is calculated as the total energy of the dimer-graphene complex, E(A) graph , minus the energy of the clean graphene layer, E (graph), and the total GS energy of the dimer in the gas phase,
The energy defined by equation (2) measures the interaction energy of dimers with the graphene sheet. E int consists of a negative contribution from the energy gained by forming dimersubstrate bonds, and positive contributions from the elastic distortions of both dimer and graphene and (for different magnetic isomers) from the magnetic energy difference. The atomization energy of atoms from the adsorbed dimer is measured by the energy of the graphene layer and the energy of the free A and B atoms, minus the total energy of the adsorption complex,
at-ad g raph ( 3)
The Brillouin zone was sampled using 6 × 6 × 1 Γ-centered k-point mesh and a Gaussian smearing of 0.02 eV. Electronic densities of states (DOS) were calculated using the tetrahedron method. Local and partial DOS have been calculated by projecting the plane-wave components onto spherical waves inside atomic spheres. For all further computational details we refer the readers to our previous publications [16, 18, 31] .
Structural model
The graphene layer was represented by a periodically repeated unit cell containing 48 C-atoms and 20 Å of vacuum, so that the interaction between the repeated images is negligible. Gas phase clusters have been placed into the center of a large periodically repeated cubic box with edges of 15 Å, which ensures that the separation between the periodically repeated images of the cluster is large enough to suppress any interactions. The relaxed C-C distance in a clean graphene layer is 1.414 Å, in very good agreement with the experimental value. For the adsorbate-graphene complex the lattice constants of the computational supercell have been fixed at their equilibrium values for clean graphene, but the coordinates of all C and metal atoms have been relaxed without any symmetry constraint.
The calculations have been performed for PtFe, PtCo and IrCo dimers. For reference, results for the magnetic anisotropy of free homoatomic dimers are available from our earlier work [31] , results for Pt 2 dimers on graphene have already been published [17] , for Ir 2 /graphene they are presented for completeness below. For dimers adsorbed on a graphene layer we have examined four possible starting configurations: an upright dimer in the center of an hexagonal ring with either the 3d or the 5d atom binding to the support, and a dimer placed parallel to the substrate with the atoms either in bridge (br) positions between or on top (ot) of C atoms.
Magnetic anisotropy of homoatomic dimers
Fe 2 and Co 2 dimers
Clusters formed by the ferromagnetic metals Fe, Co and Ni have been studied repeatedly using the density functional method (for a compilation of the literature see, e.g., the papers of Johll et al [20, 21] ). The scalar-relativistic calculations agree on the large spin moments of the dimers (6μ B for Fe 2 , 4μ B for Co 2 ). Relativistic calculations for dimers of all elements of the Fe-, Co-, and Ni-groups have been published in our earlier work [31] . For Fe 2 the spin moment is slightly reduced to m S = 5.84 μ B , combined with a modest orbital moment of m L = 0.32 μ B . The easy axis is parallel to the Fe-Fe bond, a small MAE of 0.3 meV is correlated with a modest orbital anisotropy of Δm L = 0.16 μ B . For Co 2 the spin moment is also slightly reduced to m S = 3.90 μ B , a larger orbital moment of m L = 0.78 μ B in the axial ground state is correlated to a larger MAE of 7.1 meV and a larger orbital anisotropy of Δm L = 0.46 μ B . The spin moment is isotropic for both dimers.
Scalar-relativistic calculations for graphene-supported Fe 2 and Co 2 dimers have been reported by Johll et al [20, 21] and Yagi et al [51] , and for Fe 2 dimers by Longo et al [49] and by Srivastava et al [50] . For the Fe dimers where a comparison is possible, the results are widely divergent. For the Fe 2 dimer Johll et al and Srivastava et al predict an upright geometry centered at a sixfold hole at a height of 1.86 Å with a binding energy of E int ∼ 0.7 eV/dimer, a Fe-Fe distance of 2.08 and 2.07 Å and moments 3.48 (2.76) μ B for the upper (lower) Fe atom and a total moment of 6.16 μ B . Longo et al found a flatlying dimer with both Fe atoms located close to a hollow and moments of 3.44 μ B . These results merely emphasize how difficult it is to find the correct equilibrium geometry of adsorbed clusters. For Co 2 Johll et al [20] reported a stable upright configuration centered in a sixfold hole at a height of 1.72 Å with a binding energy of E int = 0.92 eV/dimer. The spin moments are 2.43(1.66) μ B at the upper (lower) atom. Similar results for both dimers have been reported by Yagi et al [51] .
Pt 2 and Ir 2 dimers
Results for the gas phase dimers have been published in our earlier work [31] . For Ir 2 scalar-relativistic calculations predict a quintet state. If SOC is included, the spin moment of m S = 3.88μ B remains almost unchanged and in addition a large orbital moment of m L = 1.96μ B is calculated. The easy magnetic direction parallel to the dimer axis is stabilized by a large MAE of 70 meV/dimer, and is correlated to large anisotropies of both spin and orbital moments (Δm S = 0.46 μ B , Δm L = 1.02 μ B ). For Pt 2 the scalar-relativistic GS is a triplet; if SOC is included the moments are m S = 1.88 μ B , m L = 2.74. The large axial MAE of 46 meV/dimer is correlated to even larger anisotropies of both spin and orbital moments, Δm S = 0.54 μ B , Δm L = 1.94 μ B .
Results for graphene-supported Pt clusters have been presented in [17] . At a coverage of one dimer per 48 C atoms (the same as used here) the Pt 2 dimer is weakly bound (E int = −0.96 eV/dimer) in an upright configuration in a C-C bridge site at a height of 2.26 Å. The moments on the Pt atom binding to the substrate are quite strongly quenched, m S = 0.83(0.47) μ B , m L = 1.13(0.57) μ B on the upper(lower) atom for the easy magnetization direction along the dimer axis and perpendicular to the substrate. The hard direction perpendicular to the Pt-Pt and C-C bonds and parallel to the graphene layer is disfavored by a reduced MAE of 12 meV/ dimer and correlated to local spin and orbital anisotropies of Δm S = 0.33(0.37) μ B and Δm L = 0.41(0.76) μ B on the two atoms. For hard-axis orientation the orbital moment is even antiparallel to the local spin moment. The properties of the supported Pt 2 dimer are coverage-dependent-at a reduced coverage of one dimer per 96 C atoms, the binding to the substrate is stronger by about 15% (as measured by the binding energy) and a reduced distance from the substrate of 2.11 Å is correlated to a total moment reduced from about 2 μ B to ∼1.5μ B . For the hard direction parallel to graphene, the magnetism of the dimer is even completely quenched.
In contrast to Pt, the magnetism of the Ir 2 dimer is found to be extremely sensitive to the interaction with a support. Xiao et al [15] have reported that a Ir 2 dimer bound in an upright configuration to the center of a benzene ring is nonmagnetic. Our scalar-relativistic calculations confirm that the stable adsorption configuration of the dimer on graphene is in the center of a sixfold hollow, perpendicular to the graphene layer. In accordance with the results for the benzene-supported dimer, the adsorption complex was found to be nonmagnetic. The spin moment on the Ir atom bound to graphene is zero, while for the upper Ir atom a very small moment of about 0.1 μ B has been calculated. The weak moments on the dimer are compensated by very small negative induced moments on the surrounding C atoms, such that the total moment of the dimer/substrate complex is zero. As the scalar-relativistic calculations show that the magnetism of the Ir 2 dimer is destroyed by the interaction with an inert substrate, no calculations including SOC have been performed.
Trends in the MAE of free dimers
Strandberg et al [47] have argued that the origin of a large MAE in small clusters is closely related to the nature of the eigenstates in the immediate vicinity of the Fermi level (assuming that up to double-counting corrections, the total energy is given by the sum of the one-electron energies and that the variation of the eigenvalues dominates the MAE). orbitals are twofold degenerate in the scalar-relativistic limit and for magnetization perpendicular to the dimer axis if SOC is taken into account, but SOC lifts the degeneracy for axial magnetization. If the degenerate state is only singly occupied, the level-splitting can lead to a large orbital anisotropy and a large MAE. This argument has been used to study the systematic trends in the MAE of dimers of the late transition metals [31] . It has been demonstrated that although the δ ⋆ state is only singly occupied, the MAE is very low. SOC induces not only a modest level splitting, but also a small up-shift of the center of gravity of these states, leading only to a very small MAE. For all further details we refer to our prior work [31] . Below we will use a similar analysis to explain the MAE of free and graphene-supported heteroatomic dimers.
Heteroatomic dimers in the gas phase and supported on graphene
The central objective of our work is to study the cooperative effect of the high magnetic moments contributed by the Fe or Co atoms and the strong SOC due to Pt or Ir on the magnetic properties, in particular the MAE of mixed dimers in the gas phase and supported on a free-standing graphene layer. The results are presented in the following sections.
Ir-Co dimers
Our results for mixed IrCo dimers are compiled in table 1, where the results of Xiao et al [15] are also listed, calculated using the relativistic full-potential local-orbital (FPLO) code of Koepernik and Eschrig [48] . The calculations use the same GGA functional and the same k-point grid for Brillouin-zone interactions as in the present work, but use a fully relativistic Hamiltonian, a local orbital instead of a plane-wave basis, and a smaller 4 × 4 supercell for representing the graphene layer. A possible distortion of the graphene layer induced by the adsorbed dimer has been neglected.
In the scalar-relativistic mode both calculations predict for the free dimer a quintet state (spin moment 4 μ B ), with a slightly shorter bond length from our plane-wave calculations. Binding with the dimer is strong, with a binding energy of E b = −3.87 eV/dimer. If SOC is taken into account, the spin moment is slightly reduced, but this is overcompensated by a large orbital contribution enhancing the total moment to nearly 6 μ B . Both calculations predict very similar local spin and orbital moments on the Co atom, whereas Xiao et al find moments enhanced by 0.21 μ B (orbital moment) and 0.29 μ B on the Ir atom. Both calculations also agree on an easy magnetic axis parallel to the dimer bond, a weak anisotropy of the spins (with a negative spin anisotropy on the Co atom) and large orbital anisotropies of Δμ L ∼ 0.6μ B on both atoms. Given the similarities in the anisotropies of the magnetic moments, it is a bit surprising that the largest difference is found for the MAE where the value of 142 meV/dimer reported by Xiao et al is about twice as large as our result of 69 meV/dimer. Such a large difference was also found for homoatomic 3d and 4d dimers where Fritsch et al [30] consistently reported larger values calculated using the FPLO code than either Blonski and Hafner [31] or Strandberg et al [47] .
On a free-standing graphene layer a IrCo dimer adsorbs in an upright configuration through the Co atom in the center of a sixfold hole. An upright configuration with the Ir atom pointing downwards or any flat geometry with the dimer parallel to graphene is energetically disfavored by at least several tenths of an eV/dimer. Our plane-wave calculations predict a somewhat stronger adsorption, with a more pronounced elongation of the dimer bond length. Both calculations agree on a modest reduction of the total magnetic moment by about 0.2 μ B , which is compensated by very small moments induced on the nearest C atoms such that the total moment of the dimer/substrate complex remains unchanged. Important changes, however, are found in the local magnetic moments. The magnetism of the Co atom binding to graphene is strongly quenched, the local spin moment is reduced by about 0.3 μ B , and the local orbital moment vanishes nearly completely. In contrast, on the Ir atom the looser binding within the dimer leads to more free-atomlike properties. The spin moment is enhanced by about 0.3 μ B , the orbital moment by about 0.55 μ B . The easy direction of magnetization is again along the dimer axis and perpendicular to the substrate. The anisotropy of the spin moments remains very weak, and the still very strong orbital anisotropy is now entirely concentrated on the Ir atom. Together with the much stronger SOC on Ir than on Co, this leads to a further enhancement of the MAE to 93 meV/dimer-but the value reported by Xiao et al is again higher by a factor of two.
Pt-Co dimers
For a free PtCo dimer scalar-relativistic calculations predict a spin magnetic moment of 3 μ B and a bond length of 2.19 Å, at a binding energy of −1.82 eV/atom, in agreement with Johll et al [20] . An increase of the Pt-Co distance by only 0.01 Å has been predicted if SOC is included. The magnetic GS of a PtCo dimer is a high-moment state with a total magnetic moment of m J = 4μ B (m S = 2.85μ B , m L = 1.15 μ B ) oriented along the dimer axis (see table 2 for details). For perpendicular magnetization, the total magnetic moment decreases to about 3μ B (m S = 2.56μ B , m L = 0.50 μ B ). Compared to the IrCo dimer the spin anisotropy is increased, while the orbital anisotropy is reduced by nearly a factor of two. The important point, however, is that the largest contribution to Δm L comes from the Co atom, while for IrCo the orbital anisotropy was evenly distributed over both atomic species. This is the main reason for the much lower MAE of 18.8 meV/dimer.
For PtCo on graphene the energetically most stable configuration (E int = −1.16 eV/dimer) is upright, with Co in the center of a carbon ring (Co-down) with a distance of 2.23 Å from the nearest C atom, and the Pt-Co bond length is reduced by only 0.01 Å, all in good agreement with [20] . The adsorbed dimer also induces a weak buckling of the graphene layer, with an amplitude of 0.08 Å. The scalar-relativistic spin moment of 3 μ B found for the entire adsorbate-substrate complex is the same as for the gas phase dimer. Compared to the free dumbbell, the magnetic moment on Pt is increased from 0.70 μ B to 0.99 μ B while that on the Co atom is decreased from 2.30 μ B to 1.88 μ B . Quite generally the moment on the atom in contact with the substrate is reduced, whereas that on the upper atom is closer to the value for the free atom. The magnetic dimer also induces small magnetic moments on the neighboring C atoms of the order of a few 0.01μ B , completing the quantized total magnetic moment. In the second upright adsorption geometry considered here (Pt-down), the adsorption energy is only E int = −0.41 eV/dimer, and the weaker binding is also reflected in a bond length increased to 2.23 Å. The total spin moment is again 3 μ B , with the local moment on the Pt atom binding to the graphene reduced to 0.46μ B and an increased local moment of 2.31μ B on the upper Co atom. For two parallel-to-graphene geometries (initially with the atoms in br-br and ot-ot positions) binding to the substrate is even weaker (E int ∼ −0.35 eV).
Relativistic calculations for the Co-down dimer predict an easy magnetization direction perpendicular to the substrate, parallel to the dimer axis as for the gas phase cluster. Due to the interaction with the substrate, spin and orbital moments are strongly reduced on the Co atom and enhanced on the Pt atom, see table 2. Due to the strong SOC of the Pt atom the total magnetic moment of 4.4 μ B is larger than without SOC. Together the rotation of the magnetization from easy to hard direction leads to a transition from a high-moment state
. The MAE of 11.7 meV/dimer is reduced by 32% compared to the free dimer. This is in contrast to the IrCo dimer where the interaction with the support enhances the MAE. Evidently the difference cannot be explained by the relative changes in the magnetic moments and their anisotropies alone.
For completeness we have also calculated the MAE for an upright Pt-down dimer. In this case the easy axis is inplane, perpendicular to the dimer and parallel to the graphene layer, and magnetization perpendicular to graphene is disfavored by an MAE of 9.1meV/dimer. Compared to the free dimer on the Pt atom in contact with graphene, both spin and orbital moments are reduced by about a factor of two; on the upper Co atom the spin moment is increased, but the orbital moment is reduced. The anisotropy of the local spin moments is weak, the larger orbital anisotropies have opposite sign. Graphical representations with details of the geometric parameters and the local moments of all configurations of free and supported Pt-Co clusters can be found in the online supplementary information 3 .
Pt-Fe dimers
According to scalar-relativistic calculations, the bond length of a free PtFe dimer is 2.17 Å with a spin moment of 4 μ B and an atomization energy of 3.92 eV/dimer. SOC does not change the bond length, but slightly reduces the spin moment and induces a modest orbital moment which is slightly larger on the Pt atom. In the magnetic GS perpendicular to the dimer axis the total magnetic moment is 4.2μ B (m S = 3.79μ B , m L = 0.41 μ B , see table 3 for further details). A rotation of the magnetization by 90° parallel to the dimer axis induces a reduction of the orbital moment to 0.31μ B and an increase of the spin moment to 3.88 μ B , and costs a modest MAE of 3.2 meV/dimer. For a magnetization parallel to the dimer axis we also found an excited magnetic state with a total moment of 5.3μ B (m S = 4.17μ B , m L = 1.13 μ B ) at an energy of 92.4 meV/ dimer above the GS. For a PtFe dimer adsorbed on a graphene sheet the most stable adsorption configuration is an upright (slightly canted) Fe-down dimer with the Fe atom halfway between the br and 6h position. The Pt-Fe bond length of 2.17 Å is the same as for the gas phase dimer, the adsorption energy of −0.84 eV/dimer is smaller than for the PtCo dimer. The adsorption of the dimer causes a weak buckling of the graphene layer with an amplitude of 0.12 Å. The spin moment of the cluster/graphene complex is 4 μ B as for the free cluster, but the local magnetic moment on the Pt atom is increased, and that on the Fe atom decreased. Adsorption with the Fe atom in the center of a hexagon and the Pt atom exactly above is only weakly exothermic (E int = −0.10 eV/cluster), in this configuration the dimer is nonmagnetic. A similar result has been reported by Johll et al [20] , albeit with zero adsorption energy. For another upright configuration with the Pt atom located in 6h-position and the Fe atom 2.19 Å above, the adsorption energy is only −0.28 eV/ cluster. The two initially parallel-to-graphene geometries were found to be unstable; upon relaxation they converged to the GS-structure. We have also tested the adsorption of the Ptdown dimer in a bridge position between two C atoms. This configuration has been reported in [20] to be the GS-geometry with an adsorption energy of E int = −0.42 eV/dimer and a spin moment of about 4 μ B . We have found that in this configuration the dimer is non-magnetic and does not bind to graphene. It should also be noted that the adsorption energy calculated in [20] is much lower than that found here for the Fe-down GS dimer (−0.42 versus −0.84 eV).
Relativistic calculations have been performed for the upright Fe-down and Pt-down geometries. For the stable Fe-down dimer the easy magnetic axis is aligned along the dumbbell axis, in contrast to the free dimer where we had found a perpendicular easy axis. Due to the interaction with graphene, the spin and orbital moments on the Fe atom are reduced while those on the Pt atom are increased (see table 3 ). Together this leads to an enhanced total moment which is larger than for the free PtFe dimer. The anisotropies of the local spin moments change sign on both atoms; the orbital anisotropy on the Pt atom is positive, that on the Fe atom negative. The MAE is equal to 13.4 meV/dimer, and it is larger by almost a factor of four than that of the dimer in the gas phase.
For an upright Pt-down dimer the easy axis is again in-plane, perpendicular to the dimer axis. The MAE for the hard magnetization direction perpendicular to graphene is 5.3 meV/dimer. Local spin and orbital moments on the Fe atom are almost the same as in the free cluster, the local moments on the Pt atom are reduced to about two thirds of their value in the free cluster. Only the orbital moment on the Pt atom displays a significant anisotropy. Details of the geometric parameters of the Pt-Fe clusters are again compiled in graphical form in the supplementary information (stacks.iop.org/cm/26/146002/ mmedia).
Electronic origin of the magnetic anisotropy in free and supported dimers
For the energetically most favorable configurations the MAE of homo-and heteroatomic dimers, defined as the difference between the total energies calculated for easy and hard axis orientations of the magnetization are summarized in table 4. For the free Ir 2 dimer the substitution of Ir by Co leaves the large MAE unchanged, while for both PtCo and PtFe the MAE is strongly reduced relative to the free Pt 2 dimer; in PtFe (which is isoelectronic to IrCo) the MAE relative to a magnetization parallel to the dimer axis even changes sign. The influence Table 2 . Bond-length d, vertical distance z from the support (both in Å), adsorption energy E int and atomization energy E at (in eV/ d imer), total, spin and orbital magnetic moments m J , m S and m L , spin and orbital anisotropies Δm S and Δm L (all in μ B ), easy magnetic axis (relative to the dimer axis), MAE (in meV/dimer) for a PtCo dimer in the gas phase and supported on a free-standing graphene layer. Local magnetic moments are given in parentheses. of even a rather inert support such as graphene on the MAE is also very different. While for Pt 2 and PtCo the interaction with the support reduces the MAE by about a factor of two, it is increased and changes sign for PtFe. The magnetism of an Ir 2 dimer is extremely sensitive to the interaction with the support-on graphene as well as on benzene [15] the homoatomic dimer is nonmagnetic while the already large MAE of the mixed IrCo dimer is even further enhanced by the interaction with the support. For free homoatomic dimers the dependence of the MAE on the d-band filling is well understood in terms of an analysis of the eigenvalue spectra proposed by Strandberg et al [47] (see section 3.3). For free homoatomic dimers of the late transition metal atoms we have demonstrated that the nature of the eigenstates in the vicinity of the Fermi level explains the variations of the MAE [31] ; here we investigate whether the argument may be extended to heteroatomic dimers and the effect of the interaction with the substrate on the MAE.
The arguments can also be extended to heteroatomic dimers. The eigenvalue spectra of mixed IrCo, PtCo and PtFe dimers, calculated in the scalar-relativistic mode and including SOC are shown in figure 1. For the IrCo dimer formed by homologous elements, the Fermi level coincides again for perpendicular magnetization with the singly occupied δ ⋆ d level whose splitting under SOC for axial magnetization represents the largest contribution to the large MAE of 69 meV/dimer, equal to that calculated for Ir 2 . Spin and orbital moments, as well as their anisotropies, are also of comparable magnitude.
The PtCo dimer has one electron more than IrCo, and the energetic ordering of the eigenstates near E F for perpendicular magnetization is the same δ σ π < < figure 1(b) ). However, as the average energy of the two states is nearly the same, this only induces a large orbital anisotropy, but does not make a very large contribution to the MAE. For the Pt 2 dimer the ordering of the eigenstates is σ δ π < < The influence of the support on the electronic and magnetic properties of adsorbed dimers depends on the overlap of their electronic DOS with the eigenstates of the substrate. Figure 2 shows the spin-polarized DOS of the graphene layer and the adsorbed dimer, as well as the local DOS on the two metallic atoms. The DOS of graphene is zero at the Fermi level, and the electronic states in the vicinity show linear dispersion relations. In the stable adsorption geometry the 3d atom of the dimer is located above the center of a sixfold hole, at a height of about 2 Å above the C atoms. The rotational invariance of the dimer eigenstates around the axis is broken and the C ∞ symmetry is replaced by C 6 . The weak interaction is realized by forming chemical bonds between the δ The eigenstates of the metal atoms undergo a bonding/antibonding splitting and they are broadened by the hybridization with the substrate orbital. These effects are most pronounced on the π d states with a large weight on the 3d atom, as will be discussed in detail below. The bonding between the dimer and the graphene is qualitatively similar to the bonding between an IrCo dimer and a benzene molecule, as discussed in detail by Xiao et al [15] . 
Broadening and level shifts are less pronounced for the δ d states where the structure of the spectrum of the free dimer is clearly recognizable in the DOS of the dimer/ graphene complex. It is also important to note that the overlap of the 3d and 5d states is largest for IrCo (where both atoms contribute with comparable weight to all eigenstates) and smallest for PtFe (where the states close to E F are mainly Fe-states). The MAE is determined by changes in the partial d-band DOS close to the Fermi level and is dependent on the direction of magnetization. The relativistic total and site-decomposed DOS of the adsorbed dimers are shown in figure 3 , and the partial d-states DOS on the dimer (decomposed into δ magnetization direction and explains the change of sign in the MAE whose absolute value is also increased relative to the free dimer (see table 4 ).
Conclusions
We have presented a detailed analysis of the origin of the magnetic anisotropy of dimers consisting of heavy 5d and strongly magnetic 3d atoms (IrCo, Pt Co, and PtFe) in the gas phase and supported on a free-standing graphene layer. Densityfunctional calculations in the scalar-relativistic limit and self consistently including spin-orbit coupling have been performed. The magnetic anisotropy energy has been calculated as the difference of the total energies for magnetization parallel and perpendicular to the dimers axis. The magnetic anisotropy energy is found to depend very sensitively on the nature of the eigenstates in the vicinity of the Fermi level, as determined by the number of electrons, the exchange splitting, and the strength of spin-orbit coupling. The large anisotropy energy of IrCo and PtCo dimers relative to the easy direction parallel to the dimer axis is coupled to a strong anisotropy of the orbital moment on the Co atom for both dimers and also on the Ir atom in IrCo. We show that the exceptionally large MAE of IrCo arises from the SOC-induced splitting of a δ ⋆ d state at the Fermi level, which is doubly degenerate in the scalar-relativistic limit and for perpendicular magnetization, but occupied by only one electron. For the PtCo dimer with one valence electron more, the δ ⋆ d state is fully occupied, but the large SOC splitting pushes the upper component of the state above the σ ⋆ d state, changing the nature of the highest occupied state. This leads to a very large orbital anisotropy, but as the energy of the now occupied σ ⋆ d state is similar to that of the degenerate (in the absence of SOC) δ ⋆ d state, only to a significantly lower MAE. For the PtFe dimer the energy difference between the spindown δ ⋆ d and the spin-up σ ⋆ s states is very small, resulting in a highly mixed character of the highest occupied. In this case SOC does not lead to a change in orbital occupancy, resulting in small spin and orbital anisotropies and a small MAE.
For dimers supported on graphene, the strong binding of the 3d atom to the substrate stabilizes an upright geometry, which is very important for achieving a high MAE. Spin and orbital moments on the 3d atom are strongly quenched, but because the adsorption weakens the binding within the dimer, the properties of the 5d atom are more free-atom like, with increased spin and orbital anisotropies. For IrCo/graphene the mechanism determining the MAE is essentially the same as for the free dimer, and because the weight of the δ ⋆ d state is largest on the Ir atom with enhanced spin and orbital moments, the MAE is even further increased by the interaction with the support. For PtCo/graphene the change in the nature of the occupied states close to the Fermi level is again similar to in the free dimer, but upon a rotation of the magnetization direction important changes are also found in the σ d states at lower energy, induced by repulsive interactions with the down-shifted δ ⋆ d states, resulting in a reduced MAE. For PtFe/graphene the large shift of the σ ⋆ s state caused by the Pauli repulsion changes the nature of the states at the Fermi level, leading to an electronic structure close to the Fermi level which is similar to that of the isoelectronic IrCo/ graphene dimer. The magnetic anisotropy is now determined by the SOC-induced splitting of the partially occupied δ ⋆ d state, as for the IrCo/graphene system. The easy direction is now along the dimer axis, as for the other dimers, and the MAE is larger than for PtCo.
In summary, we have demonstrated that the MAE of free heteroatomic dimers mixing 3d and 5d atoms does not exceed the value calculated for the free 5d-dimer. The largest MAE is found for IrCo combining elements from the same groups in the periodic table; for larger differences in the valence (such as for PtFe), the MAE can even change sign. For dimers supported on graphene, the strong binding of the 3d-atom in a sixfold hole stabilizes an upright geometry and leads to more free-atom like properties of the upper 5d-atom. For IrCo/graphene this leads to a further increase in the already large MAE. But the dominant factor is the modification of the highest occupied eigenstates through the interaction with graphene-for PtCo/graphene this leads to a reduced axial anisotropy, while for PtFe/graphene the axial anisotropy is stabilized only by the interaction with the substrate.
